Abstract: Broadband supercontinuum (SC) spanning more than an octave was obtained in tapered seven-core photonic crystal fibers (PCFs) upon pumping with a 150-fs modelocked fiber laser. The appearance of the second zero dispersion wavelength in the tapered section of the PCF limited the solitons' self-frequency shift. The simulations and experiments suggested that the unique group velocity in the tapered section could change the relative velocity of different spectral components, which resulted in some compression of the pulse in the time domain. It can be found that the spectral defects between the solitons were leveled up, and the visible region was enhanced remarkably, which was beneficial to control the SC generation. In addition, the interference fringes in the far field indicated the good spatial coherence of the output SC of the seven-core PCF.
Introduction
Supercontinuum (SC) generation in photonic crystal fiber (PCF) has attracted intense interest in recent years [1] - [3] due to their broad applications [4] - [6] . Ultra-broadband, flat, and high-power SC is always fantastic and has been pursued by numerous investigators. Many methods have been used to obtain high power, flat SC. For example, a kind of heavily germanium-doped silica fiber was proposed to get flat normal dispersion profile, which was potential to obtain flat and coherent SC [7] . Phosphorus-Doped Photonic Crystal Fibers have also been demonstrated as suitable for High-Power Visible CW SC generation [8] . Jin et al. [9] proposed a kind of continuous amplified spontaneous emission source pumped high-power ultra-flat near-Infrared SC generation. SC spectrum can be extended by engineering of zero dispersion wavelengths. Recently, fiber tapering technology was broadly used to control the dispersion of the PCFs longitudinally [10] . Tapering of PCFs with high air-filled fractions has been proven to be an effective way of extending the spectrum into deep-blue by shaping the group-velocity landscape [11] . Kudlinski et al. [12] realized the white-light SC generation in a tapered 10 m high-Á PCF, which had a high efficiency of conversion from infrared to visible and has high spectral power density in the blue region. Some efforts have been devoted to enhance the visible region of SC by pumping in anomalous dispersion regime using pulses with parabolic temporal intensity profile [13] . However, the parabolic pulses are hard to be obtained unless in specially designed systems such as normally dispersive optical fiber amplifiers, Raman amplifiers and normally dispersion decreasing fiber. In addition, the enhancement of the visible region could be improved by increasing the fiber length [12] . Flat and broadband SC was realized by cascading a long zero-dispersion wavelength high-nonlinearity fiber with photonic crystal fiber [14] . Usually, the small fiber core of common one-core PCFs always limits the average power of the SC sources to a few watts. Furthermore, the ytterbiumdoped fiber in high power laser have large core, while the PCF normally has a much small core to obtain a suitable dispersion curve for SC generation. As a result, the coupling between two fibers is quite challenging. Simply increasing the core size of a high nonlinearity PCF would cause a corresponding shift of zero dispersion wavelength to longer wavelengths, which is unfavorable for spectra broadening according to the soliton mechanism [15] . Great efforts are being made to overcome the contradiction. Chen et al. [16] enlarged the core diameter of the PCF at the input end through a series of post-processing methods and finally obtained 35.6 W SC. Travers et al. [17] utilized a series of mode matching single mode fibers for low-loss splicing with a small-core PCF and improved the SC average power to 50 W upon pumping with a continuous-wave laser. Multicore PCFs offer attractive solutions for power up scaling of SC due to their large effective mode area [18] . Besides, multi-core PCF could reduce heat-and stress-induced beam distortions which benefits for high quality SC output. Recent researches show that multi-core PCF also has the potential to provide coupling-length phase matching for efficient harmonics generation [19] , [20] which is very potential for wavelength conversion. Fang et al. [21] designed a novel seven-core PCF and realized a robust 5.4 W coherent SC output. These inspiring results encourage researchers to explore the power-enhanced SC generation in multi-core PCFs. However, there is little attention directed to the investigation SC generation in tapered multi-core fibers.
In this paper, we have investigated SC generation in tapered seven-core PCFs. It is known that ultra-short pulse pumping is an efficient way to generate broad SC, even extending to the visible region, but due to the short duration of the pulse, the effective interaction length for nonlinear frequency conversion in the fiber is shorter than that pumped with long pulse or continuous wave laser. Ultra-short pulse would rapidly splits into a train of irregular pulses including solitons, dispersion waves and so on, which leads to the power density decreasing. Thus the nonlinear effects die down and the generation of new spectral components gradually cease. In this paper, we investigated the influence of tapered section on the SC generation simulatively and experimentally. It was demonstrated that the introduction of a piece of tapered PCF could change the relative velocity of different spectral components. Namely the splitted irregular pulses would get redistribution in time domain. In this process, the splitted irregular pulses may overlap and interact with each other, which contributed to new spectral components generation. This phenomenon was verified in the experiments. We provide a new perspective to control the SC generation in the PCF pumped by ultra-short pulse. It is demonstrated that the evolution of the pump pulse could be controlled in time domain, which affect the SC generation in the frequency domain in turn. In our experiments, a piece of seven-core PCF had been tapered to outer diameter about 38 m with the length of 1.5 cm. Simulations and experiments demonstrated that the relative velocities of different spectra components are changed in the tapered section, which resulted in redistribution of the splitted pulses. The redistribution process was beneficial for new spectral component generation. The seven-core PCF also has much potential for up-scaling of the power of SC. Furthermore, the excellent spatial coherence of the SC generated in the seven-core PCFs was also verified in the experiments.
Fiber Fabrication
We prepared a kind of seven-core PCF for investigation of SC generation. The detailed preparing procedure has been described elsewhere [22] . Fig. 1(a) shows the scanning electron microscope image of the cross-section of the seven-core PCF. A piece of seven-core PCF was tapered by heating and stretching on oxyhydrogen flame. Fig. 1 (b) depicts the sketch of the resulting structure along longitude. The tapered section perfectly maintained its transverse structure by controlling the temperature field of the flame and the stretching speed [23] .
As shown in Fig. 1(a) , the seven cores of the PCF are separated by six large air holes between them. The simulated optical fields of the seven-core PCF indicate that the coupling between the cores is weak, so the cores can be treated independently. Actually, the simulated GVDs of the fundamental modes in each core are nearly overlapping. The fluctuation range of zero dispersion wavelengths of the fundamental modes for the seven cores is less than 0.5 nm. It confirms the independence of the cores further.
The group velocity dispersion (GVD) of photonic crystal fibers can be greatly affected by the core diameter (or pitch) when fixing the ratio of d=Ã. We simulate the group velocity dispersions (GVD) of PCFs with different outer diameters (125 m, 62.5 m, 38 m, respectively), which are shown in Fig. 2(a) . It is obvious that as the scaling down of the fiber cross section, the zero dispersion wavelength shift to short wavelength. Further decreasing the outer diameter to 38 m, two zero dispersion wavelengths appear at 614 nm and 1161 nm, respectively. When decreasing the diameter to 38 m, the second inflection point appears in the group velocity curve around 1160 nm.
Simulations and Experiments Results
Some simulations were performed to investigate the influence of introduction of a piece of tapered section on the SC generation. Simulated output spectra of the PCF1 (3.5 m uniform seven-core PCF) and PCF2 (3.5 m seven-core PCF with a 1.5 cm section tapered to 38 m following 10 cm uniform PCF) pumped with a 150 fs mode-locked fiber laser at pump power of 110 mW are shown in Fig. 4 . Some obvious difference of the output spectra can be found. First, the long wavelength edge of the SC generated in the PCF2 is slightly longer than that of PCF1. Second, the spectrum defect between the solitons in the long wavelength regime is leveled up obviously around 1350 nm in PCF2, and the spectrum becomes flatter especially in the infrared region. Third, the spectrum is enhanced in the visible region, especially around 800 nm. All of these indicate that the introduction of a piece of tapered section has great influence on the SC generation. Fig. 3 shows the simulated spectrograms of the pulses in PCF1 and PCF2. The upper two rows show the pulse evolution in the uniform PCF, and the lower two rows are that in the tapered PCF. The pulse evolution between z ¼ 0 cm to z ¼ 10 cm is typical SC generation process pumped in the anomalous dispersion regime. The pulse evolution in this region is characterized by high order soliton generation and dispersion wave emission. At the front end of the tapered section, i.e., z ¼ 10 cm, the initial hyperbolic secant pulse has splitted into irregular pulses in the time domain. Comparing these figures, it can be found that in the tapered regime, i.e., between z ¼ 10 cm and z ¼ 11:5 cm, the pulse evolutions in PCF1 and PCF2 are much different. In PCF1, the splitted fundamental solitons steadily red-shift in the influence of the Raman scattering, and the dispersion wave get some blue-shift due to the soliton trapping effect. The SC become broad further, but characterized by spectral defect in the in the vicinity of the zero dispersion wavelength and between the fundamental solitons in the long wavelength region. The solitons, dispersion wave and other spectral component near the ZDW would gradually separate with each other in the time domain, which is clear in the upper two rows in Fig. 3 .
In the tapered PCF (PCF2), the pulse evolution in the tapered section, i.e., between z ¼ 10 cm and z ¼ 11:5 cm, is much different: the fundamental solitons in the long wavelength regime go forward in time domain rather than continuously delay which is the character of soliton in anomalous dispersion regime in uniform PCF. It means that in the tapered section, the splitted pulses would get some compression in the time domain and the long wavelength spectral components would overlap in time domain and interact with each other though four-wave mixing, cross phase modulation and other nonlinear optical effects. It can be found that in the lower two rows in Fig. 3 , the solitons' delay time continuously decreasing between z ¼ 10 cm and z ¼ 11:5 cm which is contrary to the case in the uniform fiber (the upper two rows in Fig. 3 ). The reshape of the pulse in the tapered section lead to the compression of the irregular pulses in time domain. What's more, as the changing of the dispersion character in the tapered section, shown in Fig. 1 , some phase-matching conditions would be satisfied. In the tapered section, the effective mode area decreases from 6:2 m 2 to 0:9 m 2 and the nonlinear coefficient increase from 25.5 W/km to 182 W/km. All of these contribute to the generation of new spectral components.
The SC generation experiments were performed upon pumping with a 150 fs Yb-doped mode-locked fiber laser. The laser beam was focused into the front end of the fiber to provide a uniform illumination of all the cores with an aspherical lens. In order to realize on-axis excitation and almost uniform illumination of the seven cores, the beam analyzer was used to monitor the near field of the output of the PCF in real time. By adjusting the position of the PCF's end and the aspherical lens, uniform on-axis excitation fundamental modes in the seven cores can be obtained, as shown in Fig. 6(c) . In the simulations above, the on-axis excitation and almost uniform illumination of the seven cores were considered. Fig. 5(a) shows the effect of laser power on the output spectra in a 3.5 m uniform fiber. It can be found the first dispersion wave appear at about 700 nm (marked AS1) which is in good agreement with the theoretical prediction using the phase matching condition. Dispersion wave at 700 nm is blue-shifted due to soliton trapping effect controlled by group velocity matching. uniform PCF followed by a 1.5 cm tapered section with diameter of 38 m) and another PCF (10 cm uniform PCF followed by a 1.5 cm taper waist with diameter of 38 m), respectively. The evolution of the spectra in three different post-processed seven-core PCFs show the same trend with the results simulated above. Fig. 5(a) shows typical SC generation pumped by ultra-short pulse in the anomalous dispersion regime, which is characterized by isolated solitons in the long wavelength region and weak dispersion wave in the short wavelength region. Increasing pump power results in more powerful solitons extending further to long wavelength region. Meanwhile, more energetic dispersion wave can be obtained in the short wavelength region. Thus, broader and flatter SC would generate but shows many spectrum defects. Comparing Fig. 5(a)-(c) , it is also found that the position of the tapered section in the uniform PCFs have obvious influence on the spectra evolution as well. This can be understood as following: Upon the same pump power, the formation and fission of high order soliton is at a fixed position in the fiber. Then the pulse splits into a train of irregular pulses rapidly, leading to the decreasing of the power density and the die down of the nonlinear effects. As mentioned above, the tapered section of PCF could alter the relative velocity of these irregular pulses and compress them in the time domain to some degree, but the compression is highly correlated to the position of the tapered section. The compression effect of the tapered section would be weakened if the tapered section is too far from the position of pulse splitting. Hence, less influence of the tapered section would be imposed on the SC generation. Combining the above analysis, it can be concluded that both the pump power and the parameters of the tapered section markedly affect the SC generation. In fact, the spectra in Fig. 5(a) are characterized by obvious solitons in the near-infrared and weak dispersion waves in the normal regime. In this situation, most of the energy is contained in the solitons formed in the anomalous dispersion region, and the spectra are very concavoconvex. Comparing with Fig. 5(a) , the spectra evolution in Fig. 5(b) and (c) show some discrepancy, i.e., the solitons in the long wavelength region fall into oblivion as the gaps between solitons are leveled up and the red-shift of the solitons are prevented to some degree. What's more, the spectral components in the short wavelength region are enhanced obviously. All above agree well with the trend of the simulations.
In Fig. 5(d) , we compared the output spectra of a 3.5 m uniform seven-core PCF and a 3.5 m tapered PCF (10 cm uniform PCF followed by a 1.5 cm taper waist with outer diameter of 38 m)
pumped with the power of 112 mW and 115 mW. An obvious difference can be seen: The spectrum gap around 1300 nm in the uniform PCF is leveled up in the PCF with tapered section, and the spectrum in the visible regime is enhanced markedly. This further confirms the impact of the tapered section on the SC generation. Just as Fig. 5(d) shows, at the pump power about 110 mw, the SC generated in the uniform seven-core PCF shows a flat region from 993 nm to 1237 nm with 15-dB bandwidth. Comparatively, the SC generated in the tapered seven-core PCF shows a flat region from 946 nm to 1400 nm with the same spectrum fluctuation range.
Comparing to [21] , more flat SC was obtained. In that paper, deep spectrum defect in the long wavelength region can be observed similar to the SC we obtained in the uniform seven-core PCF, and our experiments demonstrate the introduction of a tapered section could lead to the flatness of the SC, especially in the long wavelength region. Additionally, the short transition section has gradually decreasing zero dispersion wavelength which benefit for increasing the blueshift of the dispersion wave [24] . The experiments show good agreement with the simulations [see Fig. 4 and Fig. 5(d) ]. The slight discrepancy can be explained by the overlook of the loss of the PCF in the simulation and the influence of the short transition section [25] . Besides, the water absorption peak near 1400 nm weakens the soliton actually. In this paper, the output fields of the seven-core PCFs are also investigated. The laser beam was focused into the front end of the fiber to provide a uniform illumination of all the cores with an aspherical lens. Almost uniform illumination can be obtained by adjusting the position of the front end of the PCF under the monitor of the beam analyzer. The simulated near filed and far field of the PCF under uniform illumination are shown in Fig. 6(a) and (b) . It can be found that the output beam profile of the PCFs featured a flat, uniform distribution of radiation intensity over the seven fiber cores in the near field in Fig. 6(c) . Orange far-field beam profiles are generated in the cores through nonlinear optical spectral transformation from 1040 nm femtosecond laser pulses, as shown in Fig. 6(d) . The simulated near field and far field of the PCF show good agreement with measured. The distinct interference fringe confirms the good spatial coherence of the SC generated in the seven-core PCFs. Such broadband SC source with good spatial coherence is a powerful tool in science research.
Conclusion
In conclusion, the influence of tapered section in the seven-core PCFs on the SC generation was studied simulatively and experimentally. A new perspective to control the SC generation in the PCF pumped by ultra-short pulse was provided. The taper section of the seven-core PCF dramatically possesses two zero dispersion wavelengths located at 614 nm and 1161 nm, respectively, and the second zero dispersion point could limit the soliton red-shift. Additionally, the solitons formed in the uniform section can exceed the second zero dispersion wavelength of the tapered section, therefore getting normal dispersion and resulting in soliton decompose. The splitted irregular pulses get redistribution in the time domain and would be compressed to some degree. These spectral components over the second zero dispersion wavelength would accelerate and finally get up with previous spectral components. Irregular pulses overlap and interact with each other through nonlinear effects such as four wave mixing and cross phase modulation, which will facilitate generation of new spectral components. Leveling up the spectral defects between the solitons and enhancing the spectrum intensity in visible region were demonstrated simulatively and experimentally. It is also found that the SC is spatially well coherent. High power pumped SC generation and optimizing the taper length and its position in the uniform PCF will be research in our next work. Tapering PCF provides another degree of designing PCFs for SC generation and will greatly accelerate the application of SC.
